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We report pair distribution function measurements of the iron-based superconductor FeSe above
and below the structural transition temperature. Structural analysis reveals a local orthorhombic
distortion with a correlation length of about 4 nm at temperatures where an average tetragonal
symmetry is observed. The analysis further demonstrates that the local distortion is larger than
the global distortion at temperatures where the average observed symmetry is orthorhombic. Our
results suggest that the low-temperature macroscopic nematic state in FeSe forms from an imperfect
ordering of orbital-degeneracy-lifted nematic fluctuations which persist up to at least 300 K.

In high-temperature iron-based superconductors, ne-
maticity, or C4 to C2 rotational symmetry breaking, is
believed to be closely related to superconductivity as
both are correlation-driven electronic instabilities which
often coincide in the doping phase diagram [1]. The re-
lationship is tantalizing but its nature remains unclear,
as the two are frequently entwined with spin and orbital
order [2, 3].

The emergence of nematicity is marked by a tetrago-
nal to orthorhombic global symmetry breaking structural
transition at Ts [4, 5] as well as a lifting of the degen-
eracy of electronic orbitals in the material. For exam-
ple, in FeSe, angle-resolved photoemission spectroscopy
(ARPES) studies have demonstrated that the 3dyz and
3dxz Fe-Fe molecular orbitals take on a 50 meV energy
difference below To = 90 K. The observation of orbital
degeneracy lifting (ODL) coincides with orbital ordering
(OO) which in turn accompanies or indeed even drives [6]
the global structural transition such that To = Ts [7, 8].

Although the OO and structural transition occur con-
currently, a notable discrepancy exists between their en-
ergy scales. The 50 meV orbital splitting corresponds
to a temperature-scale of about 580 K rather than the
90 K of the transition. An alternative possibility is that
the orbital degeneracy lifting happens at higher temper-
ature, but the orbitals only order at Ts. This is similar
to the case of CuIr2S4 [9], where a short-range ordered
(SRO) ODL state was discovered to exist well above the
OO temperature.

The well established lattice symmetry of FeSe above
90 K is tetragonal, with C4 rotational symmetry about
the c-axis. The low-temperature orthorhombic lattice in
this system has C2 symmetry along the same axis [10].
A structural signature for the existence of a SRO C2 ne-
matic phase above 90 K should manifest as a local, SRO
orthorhombic (or similar) distortion, which does not or-
der over long length scales. The x-ray atomic pair dis-

tribution function (xPDF) measurement provides a his-
togram of interatomic distances in a material, and as such
is well suited for probing such local distortions [9, 11, 12].
Here we use xPDF to study an FeSe superconducting
sample at temperatures both below and well above To
and Ts.

In analogy with observations of ODL imposed struc-
tural distortions in CuIr2S4 [9], our xPDF study indi-
cates a large orthorhombic distortion in FeSe up to 300 K,
well above Ts where the average structure is tetragonal.
Surprisingly, even at 84 K, just below the 90 K tran-
sition temperature, the local orthorhombic distortion is
significantly larger in magnitude than the average crys-
tallographic orthorhombicity that is recovered over large
length scales, suggesting an imperfect long-range order-
ing of the local ODL state below Ts.

The nature of the local symmetry breaking is consis-
tent with local degeneracy lifting of 3dyz and 3dxz or-
bitals associated with Fe-Fe bond formation. Our ob-
servation of a preformed local ODL broken symmetry
state at high temperature portrays a picture where crys-
tallization of the liquid-like orbital state occurs at the
global symmetry breaking structural transition at Ts.
This provides a rationale for the seemingly disparate en-
ergy scales involved. It can also explain the orbital de-
generacy breaking above Ts implied by ARPES [13] and
suggests that the ODL has a Jahn-Teller origin.

The FeSe sample was synthesized through chemical
vapor transport method using a eutectic mix of KCl
and AlCl3 as the transport agent [14, 15]. Sample
quality was validated by a temperature dependent re-
sistivity characterization (Fig. S1 in Ref. [16]), which
shows evidence for the structural phase transformation
at Ts = 90 K and a robust superconducting transi-
tion below Tc = 10 K. Synchrotron x-ray total scatter-
ing experiments were conducted at the 28-ID-1 (PDF)
beamline at the National Synchrotron Light Source-II
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(NSLS-II) at Brookhaven National Laboratory (BNL).
The sample was loaded into a 1 mm inner-diameter kap-
ton capillary and data collected at 300 K and 84 K us-
ing a liquid N2 cryostream. Measurements were carried
out in the rapid acquisition pair distribution function
(RaPDF) mode [17], with an x-ray energy of 74.69 keV
(λ = 0.1660 Å). A two-dimensional (2D) PerkinElmer
area detector was used, with a sample-to-detector dis-
tance of 204 mm determined by calibrating to a sample
of known lattice parameter (Ni).

The 2D data were integrated and converted to intensity
as a function of momentum transfer Q using the software
Fit2D [18]. The program PDFgetX3 v2.0 [19] was used
to correct, normalize, and Fourier transform the diffrac-
tion data to obtain the experimental xPDF, G(r) up to
a momentum transfer of Qmax = 29 Å−1 which was cho-
sen as the best tradeoff between real-space resolution and
noise in the data.

The average structure for FeSe is described by a tetrag-
onal model at higher temperatures and an orthorhom-
bic model at lower temperatures. The tetragonal model
(P4/nmm space-group, shown in Fig. 1) consists of FeSe
slabs featuring a Fe square planar sublattice. Each Fe
is coordinated by four Se creating layers of edge-shared
FeSe4-tetrahedra, regularly stacked along the c lattice di-
rection [4, 5]. In this model, the asymmetric unit contains
one FeSe formula unit, with Fe at (0.25, 0.75, 0.0) and Se
at (0.25, 0.25, z). The lower temperature orthorhombic
model (Cmma space-group) is related to the tetragonal
model through a rotation in the a-b plane and a rectan-
gular distortion of the Fe sublattice [1]. Here, Fe sits at
(0.25, 0.0, 0.5) and Se at (0.0, 0.25, z).

The xPDF data were fit with the PDFgui [20] program
using these two models (see Ref. [16] for details).

In Fig. 2 we show the PDF analysis results using the
tetragonal model over the range 1.5 < r < 50 Å. An
abridged r-range is shown for clarity and the resulting
structural parameters are summarized in Table I. The
fit is acceptable, with an overall Rw = 0.08, suggesting
that the tetragonal model adequately describes the aver-
age structure of FeSe at 300 K. However, a feature at
∼3.9 Å in the local structure portion of the PDF is not
well reproduced by the tetragonal model. The misfit on
this peak is associated with a larger Rw of 0.11 over the
range 1.5 < r < 5 Å, compared to Rw = 0.06 over the
range 5 < r < 15 Å, as highlighted in Fig. 2.

The PDF misfit in a single low−r peak (Fig. 2) is
reminiscent of the fingerprint of a SRO ODL state in
CuIr2S4 [9]. In that system, a large misfit was observed
in the first Ir-Ir PDF peak at r = 3.5 Å when the PDF
was fit with the reported cubic average structure, with an
absence of significant misfit at other places in the PDF.
This discrepancy was explained by the presence of fluctu-
ating local symmetry-broken tetragonal domains present
in the average cubic phase, that act as a precursor for the
long-range ordered symmetry broken ground-state seen

FIG. 1. Perspective view of the FeSe structure with tetrag-
onal symmetry. Iron is shown in brown, and selenium in
green. Pair distances constrained by tetragonal symmetry to
be identical are highlighted by dashed lines of the same color.
Tetragonal symmetry allows only a single Fe-Fe pair distance
(brown dashed lines), and the orthorhomic distortion allows
these distances to differentiate. The three unique Se-Se pair
distances shown by red, green, and blue dashed lines become
five distinct Se-Se pairs within the orthorhombic symmetry.
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FIG. 2. The signature of local nematicity. PDF of best-fit
model (red solid line) to observed data (open circles) from
FeSe at 300 K, fitted up to r = 50 Å using the tetragonal
model (overall Rw = 0.08). The fit is presented over the
abbreviated range 1.5 < r < 15 Å for clarity. The difference
curve is shown displaced below (green solid line), and shaded
to highlight the signature of local nematicity. Rw values over
selected abbreviated r-ranges are presented to highlight low-r
misfit. Different coloring of the x-axes of two panels signals
that the scales are distinct to highlight the signal at low-
r. The y-axis scales are preserved between the two panels.
Importantly, there is also a subtle misfit of the Fe-Fe peak at
2.7 Å (see text for details).
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TABLE I. Structural parameters and fit details for the FeSe
sample at 300 K, obtained from PDF analysis using either the
tetragonal or orthrhombic model. Colors in pair distances are
consistent with dashed lines in Fig. 1

Parameter Tetragonal Orthorhombic

r-range (Å) 1.5–50 1.5–5.0

Rw 0.08 0.04

a (Å) 3.771 5.32

b (Å) – 5.41

c (Å) 5.520 5.50

z 0.266 0.235

r(Fe–Se) (Å) 2.391 2.391

r(Fe–Fe) (Å) 2.667 2.661

– 2.710

r(Se–Se) (Å) 3.710 3.709

– 3.742

3.771 3.795

3.970 3.944

– 3.974

at low temperature in the CuIr2S4 system.

In our FeSe system the corresponding reminiscent mis-
fit feature occurs at r = 3.9 Å corresponding to a com-
posite peak originating primarily from Se-Se nearest-
neighbor (NN) correlations. The FeSe tetragonal model
allows for three distinct Se-Se NN distances. The first set
of NN Se-Se interatomic vectors spans the sheet created
by the FeSe4-tetrahedra between Se pairs with distinct
z coordinates (red dashed lines in Fig. 1). The second
spans the space between different sheets, again involving
Se pairs with distinct z coordinates (blue dashed lines
in Fig. 1). The third connects Se pairs with identical z
coordinates, either fully above or below the Fe species in
the same layer (green dashed lines in Fig. 1).

These symmetry constraints are lifted for some but
not all of these interatomic vectors when the orthorhom-
bic distortion occurs. The NN Se-Se interatomic vectors
that connect Se ions with distinct z coordinates, repre-
sented by red and blue dashed lines in Fig. 1, all lie along
the orthorhombic unit cell axes (i.e., the basal-plane pro-
jection of the interatomic vectors are parallel to a and b,
respectively). The orthorhombic distortion allows these
pair distances to become distinct, with the magnitude
of their difference dictated by the magnitude of the or-
thorhombic distortion. On the other hand, the NN Se-Se
interatomic vectors with zero z component, represented
by green dashed lines in Fig. 1, are parallel to the di-
agonals of the orthorhombic a-b plane and they remain
identical following the orthorhombic distortion. The re-
duction of symmetry associated with the orthorhombic

distortion therefore results in an increase from three to
5 distinct Se-Se NN distances. The feature at r = 3.9 Å
also contains a Fe-Fe next nearest neighbor (NNN) con-
tribution, but this peak is smaller than the Se-Se contri-
butions by a factor of about five, and the orthorhombic
distortion does not split the two Fe-Fe NNN distances,
as they span the unit cell diagonals.

The feature at ∼3.9 Å in the difference curve in Fig. 2
suggests intensity is shifted to the right in the measured
PDF compared to the model. This indicates that the
tetragonal model PDF under-represents higher-r Se-Se
NN pair correlations, while lower-r Se pair correlations
are over-represented.

Drawing from the previously mentioned CuIr2S4

case [9], we seek an explanation in terms of a SRO locally
orbital degeneracy lifted (SRO-ODL) state which per-
sists to temperatures well above the observed long-range
OO temperature To. In CuIr2S4, the local structure of
the material in the SRO-ODL state was well explained
by the symmetry broken model, while the high-r region
was consistent with the high-temperature non-symmetry-
broken structural model. We therefore followed a similar
analysis strategy as adopted in the CuIr2S4 case.

As mentioned, long-range OO in FeSe manifests struc-
turally as a tetragonal to orthorhombic transformation,
which involves an increase in the number of distinct Se-Se
NN distances. Our analysis applying the low tempera-
ture orthorhombic model to the low-r (1.5 < r < 5 Å)
region of the 300 K PDF is shown in Fig. 3, with re-
sulting structural parameters presented in Table I. This
model successfully removes the reminiscent misfit fea-
ture that is observed in this r-region with the tetrag-
onal model, yielding an Rw nearly 3× lower than the
tetragonal model, (Rw = 0.04 vs. 0.11) over the range
1.5 < r < 5 Å. This strongly suggests that at 300 K the
local structure is orthorhombic and is a SRO-ODL state.

Compared to the average structure, the orthorhombic
distortion does not alter the Fe-Se distance, but does split
the NN Se-Se and NN Fe-Fe pair distances significantly,

while also shifting them to higher-r. The misfit in Fig. 2
is more apparent in the NN Se-Se PDF peak at ∼3.9 Å
rather than the NN Fe-Fe PDF peak at ∼2.7 Å due to
the stronger scattering power of Se and a larger Se-Se
multiplicity, resulting in a peak that is roughly four-times
stronger than the NN Fe-Fe peak.

A similar sized distortion in the Fe and Se sub-lattices
thus results in a much larger signature in the difference
curve associated with Se-Se features. However, and im-
portantly, careful inspection of the Fe-Fe peak at 2.7 Å,
evident as a well resolved shoulder to the Fe-Se peak in
Fig. 2, indicates that this peak is observably broader in
the data than the model. This misfit, although subtle, is
consistent with the presence of an ODL state in the Fe-Fe
sublattice. While such a misfit alone could easily escape
attention, the broader context of the large residual at
∼3.9 Å highlights this region.



4

6 8 10 12 14

Rw = 0.32

2 4

4

2

0

2

4
G 

(Å
2 )

Rw = 0.04

r (Å)

FIG. 3. PDF of best-fit model (red solid line) and ob-
served data (open circles) from FeSe at 300 K, fitted up to
r = 5 Å using orthorhombic (nematic) symmetry constraints
(Rw = 0.04). The difference curve is shown displaced below
(green solid line). Rw values over selected r-ranges are pre-
sented to highlight the discrepancy between the optimal local
structure and the observed average structure. Different col-
oring of the x-axes of two panels signals that the scales are
distinct to highlight the signal at low-r. The y-axis scales are
preserved between the two panels. The orthorhombic model
provides observably better account of the Fe-Fe NN PDF peak
as compared to the tetragonal model (Fig. 2)

As in the CuIr2S4 case, if we calculate the PDF of the
orthorhombic model, which reproduces the low-r region
well, over a much wider r-range (up to 15 Å), it results in
a poor agreement to the measured PDF compared to the
non-symmetry broken tetragonal model (Fig. 3, Rw =
0.32 for 5 < r < 15 Å compared to Rw = 0.06 for the
tetragonal model over this range). This implies that the
distortion has orthorhombic short-range character.

Given that we have found local orthorhombic domains
in a globally tetragonal crystal, we would like to extract
the size, or structural coherence, of the domains. To do
this we use box-car style PDF fits [21, 22] where the fits
are carried out over a number of variable r-range regions
individually. The protocol represents an extension of the
fitting shown in Fig. 3, wherein the “box-car” consisted
of the r-range of 1.5-5 Å, and a centroid rm = 1.75 Å.
Each distinct r-range fit then provides structural infor-
mation relevant to a distinct distance window, allowing
for a quantification of the variation of local structure as
a function of r (the correlation length of local features).
The orthorhombic distortion η as a function of the box-
car centroid, rm, is shown in Fig. 4, demonstrating the
robustness of the approach (see Fig. S2 in Ref. [16])

Surprisingly, our analysis reveals that the local dis-
tortion above Ts is about 1.75 %, more than 3× larger
than any observed distortion in the average structure be-
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FIG. 4. The measured orthorhombic distortion obtained by
using an orthorhombic model over a narrow r-range, η, is
plotted vs the PDF fit window center, rm, for data measured
at 300 K (orange line) and 84 K (blue line). The value of η at
84 K as extracted from the average structure is represented
by the dashed horizontal line. Inset is a top view of the FeSe
crystal structure, schematically showing the projected orien-
tations of the Fe 3dyz and 3dxz orbitals implicated in this
work and elsewhere. Atom and dashed line colors are con-
sistent with Fig. 1 and the axes labels are consistent with
the orthorhombic setting. Full PDF fits associated with the
distortion magnitudes in this plot are shown in Fig. S2 in
Ref. [16]

low Ts. The magnitude of the measured distortion drops
rapidly with increasing r (Fig. 4) until, at length scales
greater than 40 Å, it is effectively zero and the average
tetragonal structure is recovered.

Interestingly, even below Ts (at T = 84 K) the local
orthorhombicity is larger than that observed in the av-
erage structure at this temperature, represented by the
dashed horizontal line in Fig. 4. At this temperature, the
local distortion also decreases with increasing r, converg-
ing to the measured average orthorhombic structure at
length scales greater than 40 Å. Based on the proposed
SRO-ODL explanation, the persistence of a larger-than-
average local orthorhombicity below Ts suggests that the
long-range ordering of the ODL state is not perfect.

The xPDF results presented here build on and extend
previous studies [23, 24] showing similarly local C4 sym-
metry breaking in the 122 family of iron pnictide su-
perconductors, suggesting that such fluctuations may be
widespread.

Further, our findings provide a direct structural ra-
tionale for anomalous line width and splitting observed
in NMR spectra [25] as well as unexpected energy gaps
observed in the electronic spectra [13, 26, 27] pointing
towards electronic non-degeneracy in FeSe well above Ts.
The 3dyz and 3dxz Fe orbitals implicated in this local
degeneracy lifting are oriented along the distorted or-
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thorhombic direction (see e.g. Fig. 4 inset) and partici-
pate in orbital-selective Cooper pairing [28, 29] enhanced
by nematic order [30]. Thus the xPDF discovery of a lo-
cal ODL state deep in the high temperature tetragonal
regime not only defines a local structural fingerprint of
the fluctuating nematic state, but also serves to reinforce
the role of the orbital sector and its coupling to structure
within the physics of iron-based superconductors. Local
orbital overlaps governed by nematic fluctuations appear
to be essential for slow dynamic correlations in FeSe and
related materials [31, 32]. Our observation of a broken
symmetry state at high temperature suggests that the
global symmetry breaking structural transition at Ts oc-
curs through crystallization of the preformed liquid-like
orbital state, a description which challenges present un-
derstanding of this system and invites further theoretical
considerations.

To that effect, it will be of particular interest to explore
the evolution of this local ODL state away from the FeSe
parent, across the phase diagrams of e.g. FeSe1−xSx and
FeSe1−xTex and in the regime where long range symme-
try breaking transition is not observed at any tempera-
ture. Such studies would further inform the debate of the
importance of nematic fluctuations for the superconduc-
tivity itself.
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[1] A. E. Böhmer and A. Kreisel, Journal of Physics Condensed Matter 30, 023001 (2018), ISSN 1361648X, URL http:

//stacks.iop.org/0953-8984/30/i=2/a=023001?key=crossref.ba883e5813404f0303acc79d5e40c783.
[2] R. M. Fernandes, A. V. Chubukov, and J. Schmalian, Nature Physics 10, 97 (2014), ISSN 17452473.
[3] Q. Si, R. Yu, and E. Abrahams, Nature Reviews Materials 1, 16017 (2016), ISSN 2058-8437, URL https://www.nature.

com/articles/natrevmats201617.
[4] F. C. Hsu, J. Y. Luo, K. W. Yeh, T. K. Chen, T. W. Huang, P. M. Wu, Y. C. Lee, Y. L. Huang, Y. Y. Chu, D. C. Yan,

et al., Proceedings of the National Academy of Sciences 105, 14262 (2008), ISSN 0027-8424, URL http://www.pnas.org/

cgi/doi/10.1073/pnas.0807325105.
[5] S. Hosoi, K. Matsuura, K. Ishida, H. Wang, Y. Mizukami, T. Watashige, S. Kasahara, Y. Matsuda, and T. Shibauchi,

Proceedings of the National Academy of Sciences 113, 8139 (2016), ISSN 0027-8424, URL http://arxiv.org/abs/1604.

00184%0Ahttp://dx.doi.org/10.1073/pnas.1605806113.
[6] S. H. Baek, D. V. Efremov, J. M. Ok, J. S. Kim, J. van den Brink, and B. Büchner, Nature Materials 14, 210 (2015), ISSN
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[10] K. Kothapalli, A. E. Böhmer, W. T. Jayasekara, B. G. Ueland, P. Das, A. Sapkota, V. Taufour, Y. Xiao, E. Alp, S. L.

Bud’ko, et al., Nature Communications 7 (2016), ISSN 2041-1723, URL http://www.nature.com/articles/ncomms12728.
[11] S. J. L. Billinge and M. G. Kanatzidis, Chem. Commun. 7, 749 (2004), URL http://doi.org/10.1039/b309577k.
[12] T. Egami and S. J. L. Billinge, Underneath the Bragg peaks: structural analysis of complex materials (Elsevier, Amster-

dam, 2012), 2nd ed., URL http://store.elsevier.com/product.jsp?lid=0\&iid=73\&sid=0\&isbn=9780080971414.
[13] P. Zhang, T. Qian, P. Richard, X. P. Wang, H. Miao, B. Q. Lv, B. B. Fu, T. Wolf, C. Meingast, X. X. Wu, et al., Phys.

Rev. B 91, 214503 (2015), URL https://link.aps.org/doi/10.1103/PhysRevB.91.214503.
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